Abstract: Nanocomposites of poly(4-methyl-1-pentene) (PMP) with various weight fractions of multiwall carbon nanotubes (MWNT's) were prepared by melt compounding. The nanocomposites are characterized for structure using scanning electron microscopy. The viscoelastic behavior of the nanocomposites is investigated in solid as well as melt state. The study reveals a significant increase in storage modulus especially in the rubbery regime of the polymer matrix and reduced tan δ. Rheological properties in melt show that the complex viscosity and shear storage modulus are increased as a result of incorporation of MWNT. A systematic decrease in the cross over frequency is noted which is attributed to the increased relaxation time. In dielectric analysis, composition dependent enhanced permittivity and conductivity are observed. The thermal stability of the polymer is found to be significantly improved in presence of MWNT's.
Introduction
Recently, nanotechnology has become one of the most exciting fields in engineering and science. Use of nanofillers to enhance/modify properties of polymers is a most viable route to synthesize nanocomposites. Carbon nanotubes were first reported by Iijima in 1991 [1] and these have attracted researchers for their exceptional mechanical and electrical properties. These can be synthesized by various methods such as electric arc discharge [2, 3] , chemical vapor deposition [4, 5] , laser ablation [6, 7] and pyrolysis of polyolefin [8] . The carbon nanotubes are reported to exhibit a tensile modulus of about 1TPa [9, 10] , tensile strength of 11-63MPa [9, 11] and compressive strength of 150 GPa [10] . These exceptional properties of the carbon nanotubes are ascribed to the graphite sheet rolled into the tube. The carbon nanotubes are classified as SWNT, DWNT and MWNT depending upon number of rolled sheets and are conducting or semiconducting depending upon the chirality of the tubes [12] . The use of CNT in polymers was first demonstrated by Ajayan et.al [13] . The CNTs can be dispersed in the polymer matrix by a variety of techniques such as direct mixing [14] , in-situ polymerization [15] , solution blending [16] and melt blending [17] [18] [19] [20] . The applications of carbon nanotubes reinforced polymers are mainly in field emission, conducting polymers and in fabrication of MEMS and NEMS. Poly(4-methyl, 1-pentene) is higher poly-α-olefin. It has very low density, high transparency, high melting point and excellent electrical insulation properties. PMP has bulky side chain due to which the chains are loosely packed and this results in large free volume between the polymer chains. PMP has equal crystalline and amorphous density that causes polymer to be transparent. The glass transition temperature of PMP is around 40 °C which is higher than other olefins. PMP is widely used as industrial material such as release paper, release film, mandrel for rubber hose, LED mold, heat resistant wrapping films, freshness maintenance for vegetables and fruits, physicochemical instruments, microwave parts, coffee maker parts, chemical treatments trays, communication and power cables, sight glasses and floats and electrical instruments. Its high temperature resistance, transparency and convenience of sterilization makes it useful in biomedical applications such as blood test cells, medical instruments, tubing connectors, centrifuge cups, syringes, measuring devices, urine collection tubes and blood transfusion equipment.
In the present work, nanocomposites of PMP with MWNT's are prepared via melt compounding technique and the effect of nanotubes loading on the dynamic mechanical, thermal, rheological and dielectric properties is studied. Figure 1 presents the scanning electron micrograph of MWCNTs. As can be evident from the micrographs, MWCNTs are in the form of bundles due to the strong van der wall forces. The dispersion of carbon nanotubes in PMP is studied by Scanning Electron Microscopy. The cryofractured PMP films are used for morphology. The SEM results of cryofractured for PMP7 films at 10K X magnification is presented in Figure 2 . As can be seen from the micrograph, the nanotubes are well dispersed in the polymer matrix. However, at higher MWNT loading, bundles of nanotubes with few individual nanotubes can be seen in the polymer matrix.
Results & Discussion

Morphology (Scanning Electron Microscope)
Differential Scanning Calorimetry:
The melting and crystallization parameters are presented in Table 1 . The heat of fusion values are normalized with respect to PMP content. The % crystallinity of PMP nanocomposites is calculated by dividing normalized heat of fusion of PMP by the reported value of heat of fusion for 100% crystalline PMP. The heat of fusion of 100% crystalline PMP is 61.7J/g [21] . As can be seen from the 
Dynamic Mechanical Thermal Analysis
The solid-state viscoelastic response of polymer nanocomposites in solid state is studied using dynamic mechanical thermal analysis. The storage modulus is related to the stiffness of the material and measures the elastic response of the polymer. The loss modulus denotes the energy dissipated by the system in the form of heat and measures the viscous response of the polymer material. The damping factor (tan ) is ratio of loss modulus to storage modulus. The temperature dependence of the storage modulus is shown in Figure 3 . The improvement in the storage modulus is not as significant as that observed for PMMA/MWNT nanocomposites by Jin et al [23] . Since PMP is a semi crystalline polymer, the stiffness is imparted by the presence of crystallites and the increase in the storage modulus is about two fold which is comparable to the reported increase in some semi crystalline polymer by Shaffer and Windle [24] . C respectively. The relaxation is attributed to the glass rubber transition of polymer chains while c relaxation is attributed to the relaxation of crystalline phase [25, 26] . Similar crystalline relaxation is reported for semi crystalline polymers such as polyethylene, polypropylene etc. [27, 28] .
The area under the tan peak corresponding to the glass transition temperature of the polymer matrix is lower in all the nanocomposites except PMP1. The tan peak values were normalized with respect to the polymer content. Thus the contribution from the filler can be ignored. The normalized tan values and the observed tan values are plotted as a function of percent loading of MWNT as shown in Figure 5 . As can be seen from the figure, the normalized tan delta values are higher than the experimentally observed values except for PMP1 nanocomposites. In PMP1, an increased tan value is observed as compared to the base polymer which suggests an increase in amorphous content. This result is consistent with the DSC results wherein a decrease in % crystallinity is noted. However, in PMP3, PMP5, PMP7 and PMP10, tan value is found to decrease significantly as compared to the base polymer. The point to be noted here is that the % crystallinity of the nanocomposites remains almost constant as observed in the DSC results indicating that the amorphous content of the nanocomposites is similar. Despite similar amorphous content, the decreased tan values observed in nanocomposites can be attributed to the presence of percolated network of MWNT. This lowered damping can also be ascribed to the confinement of polymer chains [19] . These results consequently confirm the presence of constrained amorphous phase. This constrained amorphous phase may arise due to motionally hindered polymer chains in presence of percolated network of MWNTs.
Rheological Properties:
The melt rheological properties of PMP nanocomposites are studied using a parallel plate viscometer. The complex viscosities of the pristine PMP and the nanocomposites as function of frequency are shown in Figure 6 . At low frequencies there is significant improvement in the complex viscosities of the nanocomposites and it is found to be dependent on the MWNT content while a comparatively small increment is observed at the higher frequencies. As can be seen, from the figure, shear storage modulus G' and loss modulus G" increases with MWNT content. Dynamic shear storage modulus increased from 248 Pa for pure PMP to 4675 Pa in PMP 10 at 1 rad/s. In the molten state, PMP exhibits terminal behavior whereas in presence of MWNT, a non terminal behavior is observed. This non-terminal behavior in the nanocomposites suggests the formation of MWNT network structure. This non-terminal behavior not only causes restriction to polymer chain relaxation but also affects the short range dynamics of PMP chains.
The large increase at low frequency confirms the formation of percolated network. The storage modulus approaches a plateau at lower frequencies. The appearance of such a plateau has been ascribed to the formation of interconnected structures which results in an apparent yield stress [17] . This low frequency response of the nanocomposites is indicative of a pseudo-solid like behaviour which has been observed for various polymer composites and nanocomposites. As can be seen from the figure, shear storage modulus G' increases suddenly after 1.2 vol% loading of MWNTs as nanotube-nanotube interactions begin to dominate. The rheological percolation threshold is thus obtained at 1.2 vol% loading of MWNT's to polymer matrix.
PMP melt shows liquid like behavior (G'<G"), while the solid like behavior is in the higher frequency region (G'>G"). The frequency at which the crossover between G' and G" occurs is considered as the transition from liquid to solid like behavior of the matrix [29] . It is interesting to note that this crossover is also observed for nanocomposites and a shift in the crossover frequency of the nanocomposites towards the lower frequency side with increasing MWNTs content is noted. At 265 C, the crossover occurred at a frequency of 60 rad/s for pristine PMP, while for PMP1 nanocomposite this frequency shifted to the lower side, i.e. at 17.84 rad/s. As volume percent of MWNT is increased, the crossover frequency shifted to further lower side values i.e. at 9, 5 and 4.9 rad/s for PMP3, PMP5 and PMP7 respectively. A shift in the crossover frequency of the nanocomposites towards the lower frequency side with increase in volume percent of MWNTs is observed upto PMP7 while PMP10 shows complete solid like behavior i.e. G'>G". The shift in crossover frequency towards the left (lower) may be attributed to the percolated network of MWNT. It is well known that percolated network structures formed with MWNT's act as a physical barrier for the complete relaxation and impedes the long-range motion of the polymer chains and delays the relaxation of polymer chains.
The damping properties of PMP nanocomposites are studied by measuring the tan δ values as shown in Figure 9 . At lower frequencies, the decrease in tan is much more than at higher frequencies. As the content of MWNT is increased, the frequency dependence of tan δ decreased. Similar behavior is reported by McNally et al. [17] and observed reduction in tan values was attributed to the presence of interfacial interactions between the polymer matrix and MWNT and to the increased hindrance for energy dissipation and relaxation of the polymer chains in the presence of MWNT.
Dielectric properties: Figure 10 shows the conductivity of PMP nanocomposites as a function of frequency. The conductive property of PMP can be improved by incorporating MWNT to the polymer matrix. The conductivity is found to be gradually increased with increase in volume percent of MWNT. The conductivity of PMP nanocomposites is frequency dependent for PMP1. For other nanocomposites, the conductivity behavior becomes independent of frequency below certain frequency. The conductivity of the pristine PMP is found to be 1.1E-15 S/cm, showed slight change with 0.4 volume % loading of MWNT while it increased to 5.1E-10, 5.2E-10, 7E-10 & 5E -10 S/cm at 0.1 Hz for PMP3, PMP5, PMP7 and PMP10 respectively. This sudden increase in conductivity by order 5 suggests formation of percolated network structure for PMP3 (1.2 volume %) loading of MWNT. This phenomena suggests that the percolation threshold in the conductivity of nanocomposites is about 1.2 volume %. The electrical properties of nanocomposites are dependent on the level of dispersion, filler geometry and filler-filler interaction. This result indicates that a percolation network structure of MWCNTs is formed at and above 1.2 volume % loading of MWNT. The well dispersed MWCNTs in PMP matrix thus provide interconnected conductive channels, which result in the significant increase in the conductivity [30, 31, 32] . With further loading of PMP above this percent of MWNT, slight increase in conductivity is observed.
The Figure 11 illustrates the variation of real part of permittivity of PMP nanocomposites as function of frequency. A large enhancement is observed in real part of permittivity at and above 1.2 volume % loading of MWNT. At room temperature the dielectric constant of PMP is about 3.2 at 0.1Hz while it increased to 3.8 and 524 for PMP1 and PMP3. At room temperature the dielectric constant of PMP3 is 137 times higher that of PMP. The increase in the dielectric constant may be ascribed to the formation of minicapacitors network as reported by Wang and Dang [33] in PVDF/MWNT nanocomposites. This result also suggests that the dielectric constant of PMP can be improved without surface modification.
Thermo-gravimetric Analysis
The thermo-gravimetric analysis of PMP/MWNT nanocomposites shows an increase in the thermal stability of the polymer. The Figure 12 illustrates the weight loss of PMP nanocomposites as a function of temperature.
It is clear from the figure, degradation initiation temperature and the temperature for 50% weight loss was increased with the addition of MWNTs to the polymer matrix. The temperature for 50% weight loss for PMP and its nanocomposites are compared in Table 3 . The increase in the thermal stability of PMP/MWNTs nanocomposites with an increase in MWNT loading is due to the adsorption of polymer chains on the MWNT surface. These adsorbed polymer chains on a MWNT surface form a complex and the polymer chains, which are away from this activated surfaces degrades faster. The adsorbed polymer chains hinder the diffusion of volatiles from the polymer [34] resulting in the enhancement of thermal stability of PMP. The morphology of PMP-MWNT fractured surfaces was studied using Leica-440 Scanning Electron Microscope. Cryofractured films were used for morphology. The microscope operated at 20kV. The fractured surfaces were sputtered by gold to avoid overcharging.
Conclusions
-Differential Scanning Calorimetry (DSC) DSC studies of PMP and its nanocomposites were done on Perkin Elmer Differential Scanning Calorimeter (DSC-2). A controlled heating and cooling rate was maintained at 10 º C/min. The test was carried out in nitrogen atmosphere. The melting point of (T m ), heat of fusion ( H) and crystallization temperature during cooling (T c ) of polymer and its nanocomposites were determined from the heating and cooling scans.
-Dynamic Mechanical Thermal Analysis (DMTA) Viscoelastic properties in solid state of PMP/MWNT nanocomposites were studied using a Dynamic Mechanical Thermal Analyzer (Rheometric Scientific Inc. model IIIE). The rectangular tension-compression geometry is used. The test was carried out in linear viscoelastic region at a frequency of 10 rad/s and temperature ranging from -40 °C to 220 º C with 0.02% strain. The strain sweep was used to determine the linear viscoelastic region.
-Melt Rheological Properties
The viscoelastic properties of PMP/MWNT nanocomposites in the melt state were carried out using an Advance Rheological Expansion System (ARES) rheometer. The test was carried out in parallel plate mode with a gap of 1 mm between them. The melt rheological properties were studied at temperatures 250 -265 °C and over frequencies ranging from 10 -01 to 10 2 rad/s in an inert atmosphere. The strain sweep test was carried out from 0.1rad/s to 100rad/s for 0.01 to 100% strain and the linear viscoelastic region was determined. The complex shear modulus, loss modulus and viscosity of PMP and PMP/MWNT nanocomposites were measured as a function of frequency.
-Dielectric Spectroscopy
The dielectric measurements of PMP and PMP/MWNT nanocomposites were carried out using an active BDS cell and Alpha -A high performance frequency analyzer from Novocontrol, Germany. The sample was sandwiched between two 20 mm gold plated electrodes. A quick drying silver paste was used to ensure good contact. The permittivity and conductivity were measured at room temperature over a frequency range of 10 6 to 10 -01
Hz.
-Thermo-gravimetric Analysis
The thermal stability of PMP/MWNT nanocomposites was determined using a Perkin Elmer Thermo-gravimetric Analyzer (TGA 7). The percent weight loss of the nanocomposites as a function of temperature was obtained over a temperature range from 50 to 550 º C in nitrogen atmosphere. The heating rate was 10 º C/ min.
